We systematically construct tetraquark currents of I G J P C = 1 − 1 ++ and classify them into types A (antisymmetric), S (symmetric) and M (mixed), based on flavor symmetries of diquarks and antidiquarks composing the tetra quark currents. We use tetraquark currents of type M to perform QCD sum rule analyses, and find a tetraquark current η M 5µ with quark contents qsqs (q = u or d) leading to a mass of 1.44 ± 0.08 GeV consistent with the a1(1420) state recently observed by the COMPASS collaboration. Our results support tetraquark explanations for both a1(1420) and f1(1420), assuming that they are isospin partners. We also study their possible decay patterns. As tetraquark candidates, the possible decay modes of a1(1420) are S-wave a1(1420) → K * (892)K and P -wave a1(1420) → f0(980)π while the possible decay patterns of f1(1420) are S-wave f1(1420) → K * (892)K and P -wave f1(1420) → a0(980)π. We speculate that a1(1420) is partly responsible for the large isospin violation in the η(1405) → f0(980)π0 decay mode which is reported by BESIII collaboration in the J/ψ → γ3π process.
I. INTRODUCTION
Recently, the COMPASS collaboration at CERN observed a narrow J P C = 1 ++ signal in the f 0 (980)π channel, and identified a new a 1 state with mass 1414 +15 −13 MeV and width 153 +8 −23 MeV [1] [2] [3] [4] [5] . Including a 1 (1260), a 1 (1420), a 1 (1640), a 1 (1930), a 1 (2095) and a 1 (2270), there are as many as six a 1 states of quantum numbers I G J P C = 1 − 1 ++ (see Ref. [6] and references therein), which is much richer compared with conventional quark model predictions.
Moreover, this new a 1 (1420) state was observed in the f 0 (980)π channel but not in the ρπ channel, suggesting that a 1 (1420) has a largess component, since f 0 (980) is usually interpreted as a KK molecule or other models with an ss component [7] [8] [9] [10] [11] [12] . Accordingly, a 1 (1420) can be an exotic multiquark state, which makes it quite an interesting subject.
To date, there are only a few theoretical studies of a 1 (1420). In Ref. [13] , it was interpreted as an axial-vector two-quark-tetraquark mixed state using QCD sum rule methods, but the analysis is incomplete because it did not include the interference terms in the calculation of the mixed correlator. Ref. [14] interpreted the a 1 (1450) as a dynamical effect due to the singularity in the triangle diagrams formed by the processes a 1 (1260) → K ⋆K , K ⋆ → Kπ and KK → f 0 (980)(+c.c). It was also briefly discussed using lattice QCD in Ref. [15] .
In this paper we shall study the a 1 (1420) state in the framework of QCD sum rules, which has proven to be a successful and powerful nonperturbative method over the past few decades [16, 17] . We shall systematically construct local interpolating tetraquark currents of I G J P C = 1 − 1 ++ , and classify them into types A, S and M, respectively based on antisymmetric, symmetric, and mixed flavor symmetries of diquarks and antidiquarks. Tetraquark currents of types A and S have been investigated in Ref. [18] , while in this paper we shall use tetraquark currents of type M to perform QCD sum rule analyses. We shall find a tetraquark current with quark contents qsqs (q = u or d), which leads to a mass result consistent with the a 1 (1420) state observed by the COMPASS collaboration [5] . Possible decay patterns based on this current will also be studied.
This paper is organized as follows. In Sec. II, we systematically construct tetraquark currents of I G J P C = 1 − 1 ++ . Then in Sec. III we use these currents of type M to perform QCD sum rule analyses. In Sec. IV we summarize our results and discuss possible a 1 (1420) decay patterns.
II. INTERPOLATING FIELDS
The flavor structure of light tetraquarks is 3 ⊗ 3 ⊗3 ⊗3 = 3 ⊕ 6 (qq) ⊗ 3 ⊕6 (qq) (1)
where the subscripts A, M 1 /M 2 and S denote that the diquarks and antidiquarks inside have antisymmetric, mixedsymmetric and symmetric flavor structures, respectively. The tetraquark currents of J P = 1 + have been constructed in Ref. [18] . Now we need to take the charge-conjugation parity into account in order to construct tetraquark currents of I G J P C = 1 − 1 ++ . The charge-conjugation transformation changes diquarks into antidiquarks, and vice versa, while keeping their flavor symmetries unchanged. Therefore, tetraquark currents themselves can have definite charge-conjugation parities when the diquark and antidiquark fields inside have a symmetric flavor structure 6 f (qq) ⊗6 f (qq) (S) or an antisymmetric flavor structure3 f (qq) ⊗ 3 f (qq) (A). These currents have been constructed in Ref. [18] , i.e., there are two independent tetraquark currents of quantum numbers J P C = 1 ++ and type S:
and two independent tetraquark currents of quantum numbers J P C = 1 ++ and type A:
In these expressions, q
, s a (x)] denotes the flavor triplet quark field; A · · · D are flavor indices; a and b are color indices; C is the charge-conjugation operator; and the superscript T denotes the transpose of the Dirac indices.
Tetraquark currents constructed using combinations of3 f ⊗6 f (M 1 ) and 6 f ⊗3 f (M 2 ) can also have definite chargeconjugation parities (see Ref. [19] for detailed discussions). Tetraquark currents of J P C = 1 + and types M 1 /M 2 have been constructed in Ref. [18] :
We can use these currents to construct positive charge-conjugation parity currents (
as well as negative charge-conjugation parity currents (
where we have denoted them as types M and M ′ . We now consider the isospin degree of freedom (see Fig. 1 of Ref. [19] and related discussions). There are two isospin triplets of type S, whose quark contents are
one isospin triplet of type A, whose quark contents are
and two isospin triplets of type M, whose quark contents are
In these expressions q represents an up or down quark, and s represents a strange quark.
With all these analyses, we can construct tetraquark currents of quantum numbers I G J P C = 1 − 1 ++ and types S/A/M and collect them as follows.
1. For the two isospin triplets belonging to 6 f ⊗6 f (S), there are altogether four independent tetraquark currents.
Among them, two contain only light flavors, and the other two contain one ss quark pair:
2. For the isospin triplet belonging to3 f ⊗ 3 f (A), there are two independent currents. They both contain one ss quark pair:
Note that the two corresponding currents with quark contents udūd, ψ A,1µ () and ψ A,2µ (), both have isospin zero, as shown in Fig. 1 of Ref. [19] .
3. For the two isospin triplets belonging to (3 f ⊗6 f )⊕ (6 f ⊗ 3 f ) (M), there are eight independent currents. Among them, four contain only light flavors, and the other four contain one ss quark pair:
In these expressions the quark content is not exactly correct, so we use "∼" instead of "=". As an example, the current η M 5µ contains quark content usūs and so does not have I = 1. To be isovector, it should have quark contents (usūs− dsds), while its isoscalar partner should have quark content (usūs+ dsds). However, we do not study effects of isospin breaking in this paper, i.e., we work in the limit of SU (2) isospin symmetry and ignore the difference between up and down quarks, such as their masses and the quark condensates ūu and d d . Similarly, isospin-violating effects from instantons, which are important in the scalar channels [20] , are suppressed for the vector channel under consideration. Accordingly, the QCD sum rule results for these two currents with quark contents (usūs − dsds) and (usūs + dsds) are both the same as the result for η M 5µ with quark contents usūs and similarly for the other currents listed above. This suggests that we would obtain the same sum rule for an isovector tetraquark current of I G J P C = 1 − 1 ++ and its isoscalar partner of I G J P C = 0 + 1 ++ , which would consequently result in the same mass result for the relevant isovector state and its isoscalar partner.
The tetraquark currents of types A/S and quantum numbers
(qsqs) and η A 2µ (qsqs), have been used to perform QCD sum rule analyses in Ref. [18] , and respectively result in similar masses, 1.51 − 1.57 GeV, 1.52 − 1.57 GeV, 1.56 − 1.62 GeV, 1.56 − 1.62 GeV, 1.57 − 1.63 GeV and 1.57 − 1.63 GeV(see Sec. 5.2 and Fig. 4 of Ref. [18] for detailed discussions, where all mass curves have a minimum around 1.5-1.6 GeV against the threshold value s 0 ). One conclusion of Ref. [18] is that these tetraquark currents couple to the a 1 (1640) state. Recently, a new a 1 (1420) state was observed, with mass 1414 +15 −13 MeV and width 153
MeV [5] . The masses of these two states are not far from each other, so that if a current couples to both of them and we still use a one-pole parametrization (see Eq. (16) below and related discussion), a prediction between these two masses would be obtained for this single pole model. This may be the reason why the mass prediction 1.5-1.6 GeV is obtained in Ref. [18] .
To better understand the properties of a 1 (1420), we need to differentiate it from a 1 (1640). To do this one can either adopt a two-pole parametrization, or use a current mainly coupling to a 1 (1420). The former is impractical because one needs detailed phenomenological models for such closely-spaced resonances, so in this paper we shall try the latter approach. Considering that only tetraquark currents of types A and S were investigated in Ref. [18] , we shall use tetraquark currents of type M, η M iµ (i = 1 · · · 8), to perform QCD sum rule analyses and check whether such a current exists or not. We assume that they couple to the a 1 state of
where f M,i is the decay constant.
III. QCD SUM RULE ANALYSIS
We consider the following two-point correlation function
in which J µ (x) is an interpolating current carrying the same quantum numbers as the hadron state we want to study.
is not a conserved current, there are two different Lorentz structures in Π µν , Π(q 2 ) and Π ′ (q 2 ) related to spin-1 and spin-0 states, respectively.
The two-point function Π µν (q 2 ) can be calculated in the QCD operator product expansion (OPE) up to certain order in the expansion, which is then matched with a hadronic parametrization to extract information about hadron properties. To do this, we express Eq. (14) at the hadron level as
where we have used the form of the dispersion relation with a spectral function with s < denoting the physical threshold. We can write the imaginary part of Eq. (15) as
As usual, we adopt a parametrization of one-pole dominance for the ground state and a continuum contribution, but note that the masses of a 1 (1420) and a 1 (1640) are not far from each other so that it may be more reasonable to adopt a two-pole parametrization, which is, however, impractical because one needs detailed phenomenological models for such closely-spaced resonances. After performing Borel transform at both the hadron and QCD levels, the two-point correlation function can be expressed as
Finally, we assume that the contribution from the continuum states can be approximated well by the OPE spectral density above a threshold value s 0 (duality), and arrive at the sum rule relation which can be used to perform numerical analyses. Here we again use the current η
(qsqs) as an example, whose quark contents are qsqs. We assume it couples to the a 1 state through Eq. (13), and the obtained sum rule relation is: The results for other currents are shown in Appendix. A. We note that the Mathematica FEYNCALC package [21] is used to calculate these OPEs. In these equations, there are dimension D = 3 quark condensatesand ss , D = 4 gluon condensate g 2 GG , and D = 5 mixed condensates gqσGq and gsσGs . The vacuum saturation for higher dimensional condensates are assumed as usual, such as 0||0 ∼ 0|qq|0 0|qq|0 . We have neglected the chirally suppressed contributions from current up and down quark masses because they are numerically insignificant. Moreover, we consider only leading-order contributions of α s from the two-gluon condensate ( g 2 s GG ) because the terms containing quark-related condensates are found to be significantly larger than those containing gluon-related condensates.
To study the convergence of Eq. (18), we use the following values for various condensates [22] [23] [24] [25] [26] [27] [28] [29] [30] : Our second criterion is to require that the pole contribution be larger than 10% (see discussions below for the limitation 20%):
We note that the pole contribution is usually quite small in the multi-quark sum rule analyses due to the large powers of s in the spectral function. We show the variation of the pole contribution with respect to the Borel mass M B in the right panel of Fig. 1 , when s 0 is chosen to be 2.5 GeV 2 . It shows that the PC decreases with the increase of M B . This criterion has a limitation on the Borel mass that M 2 B ≤ 1.5 GeV 2 . Finally we obtain the working region of Borel mass 1.1 GeV
(qsqs) with the continuum threshold s 0 = 2.5 GeV 2 . Our final expression for the mass of the a 1 state is obtained via:
in which s 0 is the continuum threshold. To choose a reasonable value of s 0 , we show the variation of M a1 with respect to the threshold value s 0 in the left panel of Fig. 2 , in a large region 1.5 GeV 2 < s 0 < 3.5 GeV 2 . We find that the dependence of the mass curves with respect to the Borel parameter M 2 B is very weak when the continuum threshold s 0 is chosen to be around 2.5 GeV 2 , which is thus a reasonable value of s 0 to give a reliable mass prediction. The variation of M a1 with respect to the Borel mass M B is shown in the right panel of Fig. 2 The sum rule using the current η 
where the central values correspond to s 0 = 2.5 GeV 2 and M :
where the central values correspond to s 0 = 3.0 GeV 2 and M 2 B = 1.5 GeV 2 . One notes that the masses obtained in Eqs. (28) and (30) for the non-strangetetraquarks are heavier than those in Eqs. (24) and (26) for the strange-flavor qsqs tetraquarks. This counter-intuitive behavior also appears in the scalar meson sector, where the meson D * 0 (2400) 0 is a bit heavier than the charmed-strange meson D * s0 (2317) [22] . Also the mass of the isovector a 0 (1450) is slightly above that of the strange isospinor K * 0 (1430) [22] . Such unusual features may be understood as a consequence of self-energy effects due to strong coupled channels [31, 32] .
The sum rules using the currents η
(qsqs) do not have reasonable working regions to give reliable mass results. We show these results in Appendix A. The sum rules using the former two currents lead to mass results roughly around 1.6 GeV, suggesting that they may couple to the a 1 (1640) state. The sum rules using the latter two currents lead to mass results around 1.8 GeV.
IV. SUMMARY AND DISCUSSIONS
In summary, we have systematically constructed tetraquark currents of I G J P C = 1 − 1 ++ . These currents can be classified into types A (anti-symmetric), S (symmetric) and M (mixed structure), based on flavor symmetries of diquarks and antidiquarks. Tetraquark currents of types A and S had been studied in Ref. [18] , and in this paper we have used the tetraquark currents of type M to perform QCD sum rule analyses and investigated the newly observed a 1 (1420) state.
Combining the results of Ref. [18] and the results obtained in this paper, we found that a mass prediction around 1.5-1.6 GeV is often obtained (with respect to the threshold value s 0 ). This may be a reasonable result: there are two a 1 states, a 1 (1420) and a 1 (1640) , whose masses are close to each other, so that if a current couples to both of them and one still uses a one-pole parametrization, a mass value between these two masses would be obtained for this single pole. However, in the absence of definitive phenomenological models it is impractical to develop a two-pole parametrization that differentiates a 1 (1420) from a 1 (1640). In this paper we have used another approach, i.e., finding a current mainly coupling to a 1 (1420). We have used tetraquark currents of type M to perform QCD sum rule analyses, and found that the current η M 5µ leads to a mass of 1.44 ± 0.08 GeV. The good agreement of this result with the experimental value suggests that this current couples to the a 1 (1420) state supporting a tetraquark interpretation.
We note that the quark content usūs of the current η M 5µ means that it does not have a definite value of isospin(i.e, it is neither isospin one nor isospin zero). The isovector tetraquark current and its isoscalar partner can be constructed by changing the quark contents to be (usūs − dsds) and (usūs + dsds), respectively. However, the same sum rule and mass prediction would be obtained for all these three currents under SU (2) isospin symmetry. As noted in Ref. [5] , there is another isoscalar state, f 1 (1420), which has been well established in experiments [22] . It strongly couples to KK ⋆ , and is likely to be the isoscalar partner of a 1 (1420). If this is the case, our analyses would support tetraquark explanations for both of them.
To conclude this paper, we study the possible decay channels of a 1 (1420). To do this, we use the Firez transformation and change the current η M 5µ with quark contents (usūs − dsds), i.e., ψ M,1µ (usūs − dsds):
into a combination of (qq)(ss) and (qs)(sq) currents:
We note that ψ both contain oneqs meson and onesq meson, where q represents an up or down quark, and s represents a strange quark. This equation suggests that a 1 (1420) may naively fall apart to:
These are all S-wave decay channels, while the possible P -wave decay channels can be obtained by naively relatinḡ qγ µ γ 5 q and ∂ µ π:
One extra constraint is that the final states of a 1 (1420) should contain oness pair. Then the kinematically allowed decay channels are S-wave a 1 (1420) → K * (892)K and P -wave a 1 (1420) → σ(600)η, a 1 (1420) → a 0 (980)π and a 1 (1420) → f 0 (980)π. However, the P -wave decay channel a 1 (1420) → σ(600)η is forbidden by the conservation of isospin symmetry, and the P -wave decay channel a 1 (1420) → a 0 (980)π is forbidden by carefully checking the detailed expression of ψ (qq)qq 1 . Summarizing all the above constrains, the possible decay patterns of a 1 (1420) are S-wave a 1 (1420) → K * (892)K and P -wave a 1 (1420) → f 0 (980)π, the latter of which is observed by the COMPASS experiment [5] . Similarly, the possible decay patterns of f 1 (1420) can also be studied, and they are S-wave f 1 (1420) → K * (892)K and Pwave f 1 (1420) → a 0 (980)π, also consistent with the experiments [22, [34] [35] [36] (see Refs. [37] [38] [39] for related theoretical studies).
BESIII is a good platform to carry out the search for a 1 (1420) by the J/ψ radiative decay J/ψ → γf 0 (980)π if we take into consideration the strong interaction between a 1 (1420) and f 0 (980)π indicated by the COMPASS measurement [1] [2] [3] [4] [5] . Of course, the production ratio of J/ψ → γa 1 (1420) → γf 0 (980)π is related to the inner structure of a 1 (1420), which determines the strength of J/ψ decaying into γa 1 (1420). We note a former BESIII result in Ref. [33] , where the J/ψ → γπ + π − π 0 and J/ψ → γπ 0 π 0 π 0 decays were studied and a large isospin violating process η(1405) → f 0 (980)π 0 was observed [33] . If there exists a new state a 1 (1420), it may be revealed in a BESIII re-analysis of the η(1405) → f 0 (980)π 0 branching ratio. This will provide a definitive test of whether η(1405) → f 0 (980)π 0 still has a large branching ratio when including the a 1 (1420) contribution in the J/ψ → γπ + π − π 0 and J/ψ → γπ 0 π 0 π 0 decays.
Appendix A: Other sum rules
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and the results are shown in Fig. 5 . The sum rules using the currents η 
